Abstract. Relatively little is known about how the life histories of perennial forb species, and especially their lifetime patterns of growth, vary across environmental gradients. We used a post hoc approach (herb-chronology) to determine plant age and previous growth (width of successive annual rings in roots) in three species of perennial forb (two long-lived species [Penstemon venustus, Lupinus laxiflorus] and one short-lived [Rudbeckia occidentalis]) along a 1000-m altitudinal gradient in the Wallowa Mountains (northeast Oregon, USA). Plants from the highest altitude tended to be considerably older and produced up to five times as many flowering shoots as lowland plants. In addition, mean ring widths of high-altitude plants were about half those of lowland plants. In plants from low and intermediate altitudes, ring width either decreased linearly or varied inconsistently during the life of the plant. In contrast, ring widths of high-altitude plants increased at first and later decreased, resulting in curvilinear growth trajectories that were highly consistent among species. Together, these data for three ecologically distinct forb species provide evidence of a consistent shift toward more conservative and strongly constrained life histories at higher altitudes. More generally, the results indicate the possible importance of changes in selection pressures across strong environmental gradients on life history strategies within a single species.
INTRODUCTION
Differences between habitats in their resource availability and the frequency of disturbance lead to the dominance of species with different growth forms and life history strategies (Grime 2001) . In addition, for species that occur across a wide environmental range, there may also be considerable variation in characters such as growth rate, reproductive effort, the onset of reproduction, and longevity (e.g., Rabotnov 1960 , Galen and Stanton 1993 , Wesselingh et al. 1997 , Dietz and Ullmann 1998 , Kelly 1998 . Hence, the analysis of life history adjustments in marginal habitats contributes to our understanding of how plants may cope with changing environmental conditions, e.g., due to global change (Dietz et al. 2004) .
The large altitudinal ranges that occur across relatively small distances in high mountain systems represent complex gradients of several growth factors (Pyrke and Kirkpatrick 1994 , Peterson et al. 1997 , Hemborg and Karlsson 1998 , Kö rner 2003 . In temperate seasonal zones, environmental factors such as atmospheric pressure, CO 2 content, temperature, the length of vegetation period, and nutrient availability 1 E-mail: georg.vonarx@env.ethz.ch all decrease with increasing altitude, whereas annual precipitation, frequency of frost during the vegetation period, and solar radiation tend to increase (Pyrke and Kirkpatrick 1994, Kö rner 2003) . Changes in these and other factors usually make conditions for plant growth more severe at higher altitudes (Mooney and Billings 1965 , Pyrke and Kirkpatrick 1994 , Kö rner 2003 . The need to optimize lifetime reproductive success may result in either adaptive or plastic responses of perennial plant species growing across altitudinal and other pronounced environmental gradients (Roff 1992, Jonsson and Tuomi 1994) . To reduce mortality, highaltitude plants should allocate a higher proportion of their resources to vegetative growth, especially in early life stages, and because of trade-offs this may be reflected in reduced reproductive effort or postponed reproduction (Kozlowski 1992 , Wesselingh et al. 1997 , Roach and Gampe 2004 . Furthermore, high-altitude plants should store substantial carbohydrate reserves to increase the chance of surviving hazardous events or particularly severe years (known as ''bet hedging,'' e.g., Stearns 1976 , Chapin et al. 1990 , Roff 1992 . Such a conservative or stress-tolerant life strategy (Grime 2001) should lead to longer life spans and extended reproductive periods (Harper and White 1974, Bender et al. 2000) .
To test these predictions, data on plant longevity and age-or stage-dependent performance and fecundity are Ecology, Vol. 87, No. 3 FIG. 1 . Study area and sample sites above Cove and Halfway, northeast Oregon, USA. Individuals of Penstemon venustus (squares), Lupinus laxiflorus (circles), and Rudbeckia occidentalis (triangles) were collected close to forest roads (solid lines; see Table 1 for further information).
needed. Because these data are difficult to obtain for long-lived perennial forbs, little is known about trajectories in life history traits of such species, and even less is known about how such traits vary among habitats (Harper and White 1974 , Bierzychudek 1982 , Inghe and Tamm 1985 , Roach 2003 . In practice, most attempts to investigate age-specific life history traits of individuals have been based on rather short chronologies and have been restricted to the early life stages (e.g., Galen and Stanton 1993, Pigliucci et al. 1997) . Those studies that have incorporated all life stages have usually provided ''snap-shots'' of population characteristics, without information of past growth performance or the age of individuals (but see Humulum 1981 , Boggs and Story 1987 , Inghe and Tamm 1988 , Roach 2003 , Dietz et al. 2004 ).
Here we used herb-chronology (the analysis of annual rings in the roots of perennial forbs [e.g., Dietz and Ullmann 1997 , 1998 , Dietz and von Arx 2005 ) to study adjustments in life history traits along altitudinal gradients. By determining plant ages and radial root increments (a proxy for annual growth; hereafter referred to as ''ring width''), this post hoc approach allows us to compare lifetime vegetative growth patterns among different habitats. The method is widely applicable because most forb species in the temperate seasonal zone retain a persistent main root and, in twothirds of these species, clearly identifiable annual rings are produced in the root xylem (e.g., Ullmann 1997, Dietz and Schweingruber 2002) .
We focused on the following questions: (1) Do perennial forbs show reduced (annual) growth, but grow older at higher altitudes? (2) Do perennial forbs adjust their lifetime growth pattern (hereafter referred to as ''growth trajectories'') in response to different conditions at various altitudes according to the predictions outlined above? (3) Are there differences in these responses between short-and long-lived species? For this purpose, populations of two long-lived forbs and one short-lived forb were investigated across an altitudinal gradient of ϳ1000 m at different sites in the Wallowa Mountains (northeast Oregon, USA). We recorded plant size as an indication of present aboveground performance and measured the annual rings in the main roots to obtain data on plant age and past growth.
METHODS

Study area
The study area encompassed the southwestern part of the Wallowa Mountains in northeastern Oregon, USA (Fig. 1) . Although the Wallowa Mountains are of heterogeneous geologic origin (Pohs 2000) , sampling was restricted to areas located on basaltic bedrock (Northwest GeoData Clearinghouse 2005). In these areas, the soils are predominantly silty to loamy xerollic Mollisols with a varying content of gravel and cobble. An exception is the soil at our highest sampling site (at Halfway; cf. Table 1 , Fig. 1 ), which is a sandy to loamy cryandic Andisol (Loy et al. 2001) .
The climate of the area is moderately continental. At low altitude (800-950 m above sea level [asl] at the southern to western foothills of the mountains), daily mean temperature is close to 20ЊC in July and August and between 0ЊC and Ϫ4ЊC in December and January (Oregon Climate Service, Corvallis, Oregon, USA). At high altitudes (Mt. Fanny, 2140 m asl; cf. Fig. 1 ), daily mean temperature is 14ЊC in July-August and Ϫ7ЊC in December-January. Precipitation in the lowland is 550 Ϯ 120 mm (annual mean Ϯ 1 SD) as compared to 1050 Ϯ 260 mm at higher altitudes. Most precipitation falls in winter, resulting in massive snow pack at high altitudes. Therefore, areas above 2200 m asl are usually snow covered until the middle of July (Pohs 2000) . Low precipitation during the warmest months of July and August often leads to summer droughts (Loy et al. 2001) .
In the Wallowa Mountains, there is a lower timberline at 900-1350 m asl and an upper one at 2600 Ϯ 300 m (Pohs 2000) . The forests are mostly dominated by conifers, including ponderosa pine, Douglas fir, western larch, and lodgepole pine (Mason 1975 , Franklin and Dyrness 1988 , Pohs 2000 , and their open structure allows development of an extensive herbaceous layer (Pohs 2000) .
Study species
We investigated three native perennial forb species (Penstemon venustus Dougl.
[Scrophulariaceae], Lupinus laxiflorus Dougl. [Fabaceae] , and Rudbeckia occidentalis Nutt. [Asteraceae] ) that are abundant in the study area and occur over a broad altitudinal range (nomenclature follows Hitchcock and Cronquist 1973) . All species develop clearly demarcated annual rings ( form a strong taproot originating from a woody base. P. venustus occurs on dry, open, rocky slopes at 1200-2750 m asl, particularly on infertile, disturbed soils, while L. laxiflorus grows on both moist and dry slopes at 1400-2500 m asl. R. occidentalis is a comparatively short-lived perennial forb that forms one to several 50-200 cm tall shoots, each bearing a single capitulum, arising from a root stock with a branched root system. It grows in moist to moderately dry places at 1200-2100 m asl, and sometimes forms dense stands (species characterizations are based on Hitchcock and Cronquist 1973 , Mason 1975 , Natural Resources Conservation Service 2005 .
Data collection
For each species we selected four to five sample sites representing distinct populations spanning the altitudinal range of the species in the area ( Fig. 1 , Table 1 ). Sample sites were located within the forest zone in sloping, treeless areas (see Plate 1) along one of two altitudinal transects, above Cove and Halfway (Table  1 , Fig. 1) ; the degree of disturbance of the sites varied from very slight to moderate. In October 2003, six to nine moderate to large individuals were selected at random at each site. A small proportion of L. laxiflorus plants were not yet flowering, and there were also a few vegetative individuals of P. venustus and R. occidentalis. These young plants were not suitable for analysis of lifetime growth patterns and were therefore not included in the sample, although we cannot fully exclude the possibility that this may have caused some bias. For each plant, the number of flowering shoots was recorded as an estimate of current aboveground performance. The proximal parts of the permanent main roots were collected for further analysis.
Preparation and analysis of root cross sections
Stained cross sections of roots were photographed through the phototube of a dissecting microscope (Leica M3Z, Leica, Wetzlar, Germany) using a digital camera (Nikon CoolPix 990 [Nikon, Tokyo, Japan]; Dietz and Fattorini 2002) . The digital images were used to count the annual rings and measure their width by means of linear measurement tools in an image analysis software package (Image-Pro Plus, version 4.5, Media Cybernetics, Silver Spring, Maryland, USA). When different counts were obtained from the same individual, the mean of minimum and maximum age was taken (rounded up if the mean was not an integer) and used as an estimate of true plant age (Dietz et al. 2004, Dietz and von Arx 2005) . In 66% (L. laxiflorus) to 90% (R. occidentalis) of all plants, minimum and maximum age differed by no more than one year. To avoid biased results, individual ring widths were only determined for roots that showed clearly distinct annual rings (Dietz et al. 2004, Dietz and von Arx 2005) . In these cases, mean ring width was approximated by dividing the radius of the xylem cylinder by age.
It may be argued that ring area is a better measure of plant performance than ring width. However, in a common garden experiment using a variety of perennial forb species, we found that both ring area and ring width were similarly correlated with aboveground parameters such as number of shoots or dry mass (G. von Arx and H. Dietz, unpublished data) . Furthermore, Dietz and Ullmann (1998) showed that annual increments in plants of Bunias orientalis growing under stable conditions remained relatively constant over a period of several years, indicating the usefulness of ring width to describe the growth of perennial forbs.
Statistical analysis
Replicated linear regression analysis was used to analyze how number of shoots, plant age and mean ring width were related to altitude (Cottingham et al. 2005) . Because means were correlated with variances, these dependent variables were transformed logarithmically prior to analysis (Sokal and Rohlf 1995) . In all cases, this procedure removed heteroscedasticity (Levene's F, P Ͼ 0.05). Since mean age was linearly related to altitude in all species (see Results), we performed sequential multiple regression to partition the variation in number of shoots and mean ring width that was attributable to unique and shared effects of altitude and age (cf. Gü sewell et al. 2005 and references therein). In this case, untransformed values were used for analysis.
To facilitate comparisons of lifetime growth trends across altitudes and species, we used the following procedures to standardize the data in terms of ring width and life history stage. For each site, individual chronologies of annual ring width were averaged to produce the site-specific growth trajectories; this involved calculating the mean widths of the first, second, third, etc., rings starting from the root center. The life history stage represented by each ring was standardized by expressing the ring number as a proportion of the typical maximum age reached by the species at a particular site. To achieve this and to provide for a minimum number of three individuals at any point of the growth trajectory, we determined the ''full lifetime'' of the species as the age of the third oldest individual. Each ring in the chronology was then expressed as a fraction of the full lifetime for the site. The ring width chronologies were then standardized by subtracting the mean ring width per site from the mean ring width of each year and dividing the difference by the standard deviation. All statistical analyses were performed using these standardized values of ring width and number.
If there is a tendency for long-lived individuals to produce narrower rings than short-lived conspecifics, we might find a lower mean ring width in the later years of a growth trajectory to which only old individuals contribute. To test this, we compared ring width between individuals classified as ''young'' or ''old'' relative to the median age of each site (t test). Only the third annual ring in the life of each plant was used because most plants were presumably vigorous at that age, and because all plants were at least three years old. Since this test did not produce a significant difference in L. laxiflorus and R. occidentalis (P Ն 0.19) and only a nonsignificant trend in P. venustus (P ϭ 0.09), we concluded that young and old plants did not differ systematically in ring width. Growth trajectories were analyzed in an overall model with the species pooled and altitudinal range classified into three equal parts for each species (low, intermediate, and high; see Table 1 ). The pooled growth trajectories were analyzed using first-and second-order polynomial regression. Growth trajectories were also analyzed separately for each species and site using the same procedure as in the pooled analysis. All statistical analyses were performed in SAS Institute JMP version 5.1 (SAS Institute, Cary, North Carolina, USA).
RESULTS
Number of shoots, plant age, and mean ring width
In the three species investigated, plant age, number of shoots, and mean ring width were linearly related to altitude. Most of these relationships were significant despite large within-population fluctuations (Fig. 3) . In all cases, effects of altitude were confounded with those of age in explaining the variation in the number of flowering shoots and ring width. Whereas number of shoots was more closely related to altitude as a single factor, ring width was better predicted by plant age (Table 2) .
In all species, the age of the larger individuals in a population increased with altitude (P Յ 0.011). In the case of P. venustus, the increase in mean age was from 17 years at the lowest altitude to 23 years at the highest. In the other two species, the differences were even more pronounced, with the corresponding mean ages being 16 and 27 years, respectively, in L. laxiflorus, and 6 and 13 years, respectively, in R. occidentalis (Fig.  3a-c) . Altitude explained 15% (L. laxiflorus) to 50% (R. occidentalis) of the variation in plant age.
The number of shoots per plant increased significantly with altitude in Lupinus laxiflorus and Rudbeckia occidentalis (P Ͻ 0.001), but not in Penstemon venustus (P ϭ 0.33; Fig. 3d-f) . Compared with individuals growing at the lowest altitudes, the mean number of shoots produced at high altitude was greater by a factor of over three in the case of L. laxiflorus and over five in R. occidentalis. Although altitude explained 36% of the variation in the number of shoots in L. laxiflorus and 70% in R. occidentalis, a substantial part of this variation was confounded with age (hereafter termed ''altitude ϩ age''; Table 2 ).
In contrast to number of shoots and plant age, mean ring width decreased significantly with altitude in L. laxiflorus and R. occidentalis (P Յ 0.006), and there was a similar but nonsignificant trend in P. venustus (P ϭ 0.10; Fig. 3g-i) . At the highest altitudes, mean ring width of L. laxiflorus and R. occidentalis was only about half that at the lowest altitudes. Altitude and altitude ϩ age explained 22% of the variation in mean ring width in L. laxiflorus and 45% in R. occidentalis (Table 2) . Ring width was more related to plant age, with this variable alone explaining between 18% (L. laxiflorus) and 28% (R. occidentalis) of the variation; in contrast, altitude alone had no significant effect (Table 2). An additional linear regression analysis was performed using only the first 10 (P. venustus and L. laxiflorus) or 5 (R. occidentalis) years of plant life to Ecology, Vol. 87, No. 3 FIG. 3 . (a-c) Plant age, (d-f) number of shoots, and (g-i) mean width of the annual rings in the roots of larger, reproducing plants in relation to altitude. The data points represent individuals of Penstemon venustus (squares, top panels), Lupinus laxiflorus (circles, middle panels), and Rudbeckia occidentalis (triangles, bottom panels). For calculating the statistics, logtransformed data were used. Significant linear relationships (P Ͻ 0.05) are indicated by regression lines. Data on the number of shoots were not available for the lowest altitude of P. venustus (d). Note the different scales of the y-axes. F ratios and significance levels are indicated for the linear term (x) (df ϭ 1, 2; n ϭ 26-38 [n equals the number of data points in each plot]). Superscript m indicates P Յ 0.10. *P Յ 0.05; **P Յ 0.01; ***P Յ 0.001. Notes: All fractions are given as percentage of total variation. Note that the shared effects (altitude ϩ age) cannot be tested for significance.
* P Յ 0.05; ** P Յ 0.01; *** P Յ 0.001.
LIFE HISTORY INFLUENCED BY ALTITUDE
FIG. 4. Growth trajectories of standardized mean width of annual root rings during plant lifetime, pooled across the three study species at three different levels of altitude (top row) and separately for each species and altitude (bottom three rows) for Penstemon venustus (Pv, squares), Lupinus laxiflorus (Ll, circles), and Rudbeckia occidentalis (Ro, triangles) (cf. Table  1 ). The number of data points in the unpooled plots equals the number of years considered at the respective sample site. Minimum (''Min.'') and maximum (''Max.'') ring widths (in m) within the growth trajectory are indicated for the unpooled plots. Second-order polynomial regressions were performed and reduced to linear regressions if the quadratic term was not significant. F ratios and significance levels are indicated for the linear (x) (df ϭ 1, 2; n ϭ 5-99) and quadratic (x 2 ) (df ϭ 1, 3; n ϭ 5-99 [n equals the number of data points in each plot]) terms. P levels are as in Fig. 3. remove effects of late growth increments in old plants at high altitudes. The decline of mean ring width with altitude in L. laxiflorus and R. occidentalis was maintained in this subset (P Յ 0.014) and only disappeared in P. venustus (P ϭ 0.21), indicating that the decrease in ring width with altitude (and altitude ϩ age) was also present in the earlier years of life.
Growth trajectories
In the model including all three species with sites classified into low, intermediate, and high altitude, ring widths declined linearly during plant life at low and intermediate altitudes (P Յ 0.001; Fig. 4) . At high altitudes, however, there was a striking change in the growth patterns: Ring width increased for the first few years but declined again in later years, producing a curvilinear relationship (P Ͻ 0.001). Furthermore, the scatter around the curvilinear growth trajectory was considerably less (explained within-and between-plant variation in ring width between years 48%) than around the linear growth trajectory at lower altitudes (21-24%).
The species-and site-specific analyses showed a more differentiated pattern of growth trajectories. At the lowest altitudes, there were no consistent trends in ring width during plant life (P Ն 0.06), except in the case of R. occidentalis, which showed a linear decline (P ϭ 0.006; Fig. 4) . In P. venustus and R. occidentalis, growth trajectories gradually changed with increasing altitude from a linearly declining to a curvilinear relationship (as indicated by the quadratic term of regression analysis). However, L. laxiflorus showed a de-viating growth trajectory at 1850 m asl that was opposite to those of the other two species. If significant, the respective growth trajectories explained more than half (54-94%) of the variation in ring width during plant life.
DISCUSSION
Variation of plant size, age and mean ring width along the altitudinal gradient
In all species, the three variables plant age, plant size (number of shoots), and mean width of annual rings changed gradually with altitude, implying that the most relevant factors influencing plant growth also gradually changed with altitude. Since the plants from the different altitudes were collected in similar habitats, changes in environmental factors that are directly linked to altitude (see Introduction) are most likely to have been responsible for the patterns observed. Despite considerable differences in life history strategy, all species showed similar trends with altitude in terms of shoot number, plant size, and longevity. These trends, which can be interpreted as reflecting a more conservative growth strategy at higher altitudes, are consistent with predictions from life history theory (see Introduction).
Our evidence for increased longevity at higher altitudes is also consistent with results of other studies. For example, monocarpic biennial species often complete their life cycle in two years in lowland sites, but may require several years at high altitudes (Rabotnov 1960 , Kö rner 2003 . In the case of Ipomopsis aggregata, Paige and Whitham (1987) even observed a switch from the typically monocarpic biennial life cycle at low altitudes to a perennial polycarpic mode at higher altitudes. In addition, Agakhanyantz and Lopatin (1978) noted a trend toward increased life spans at higher altitudes in alpine plants in the Pamir.
Whereas the indication we found of reduced annual growth at higher altitudes is in line with other studies (Callaghan et al. 1991 , Totland and Birks 1996 , Kö rner 2003 , the observed increase of aboveground plant size (number of shoots) is an unexpected result. This pattern could be explained if plants at higher altitudes had much smaller shoots (Stocklin and Favre 1994) ; however, although we did not measure it, the size of shoots appeared to be similar along the altitudinal gradient for our study species. It is more likely due to the increased water availability at higher altitudes that favors aboveground growth (Pyrke and Kirkpatrick 1994, Fay et al. 2003 ) and a consequence of our deliberate sample bias, since older plants are usually larger (e.g., Dietz and Ullmann 1998 , Dietz et al. 1999 , Erschbamer and Retter 2004 .
Although our results are qualitatively consistent among the study species, the long-lived, slow-growing P. venustus and L. laxiflorus showed smaller changes in life history responses along the altitudinal gradient than the comparably short-lived and fast-growing tallforb R. occidentalis. This indicates that the growth responses of the more opportunistic and fast-growing R. occidentalis are more strongly affected by altitude-related changes in growth conditions than P. venustus and L. laxiflorus, which seem to be constrained to grow rather slowly even under good growing conditions (Woodward and Friend 1988 , Chapin et al. 1990 , Grime 2001 .
Variation of growth trajectories along the altitudinal gradient
It has been shown that, under stable growth conditions, annual above-and belowground growth of perennial forbs usually remains relatively constant for a considerable period, and only declines in later years due to senescence and/or increasing allocation to reproduction (Molau 1997 , Dietz and Ullmann 1998 , Lopez et al. 2001 , Silvertown et al. 2001 . However, the shape of the growth trajectory, which is reflected in pattern of ring widths (Dietz et al. 2004) , may also be influenced by life history strategy (ontogenetic constraints; Grime 2001) and environmental conditions (Dietz et al. 2004) .
Although species of varying life history strategy and habitat requirements were included in this study, their growth trajectories changed in a mostly consistent manner from low to high altitudes. In the long-lived P. venustus and L. laxiflorus, stochastic factors like smallscale variation in habitat quality but also (micro-) climatic fluctuation may have resulted in increased between-individual variation in growth trajectories at the lowest altitudes, overriding general trends. In contrast, the more homogeneous growth trajectories of R. occidentalis may be due to a narrower ecological niche of this moisture-demanding species in the drier lowlands, i.e., a restriction to more constant habitat conditions.
The linearly declining growth trajectories toward intermediate altitudes are probably associated with relatively favorable growth conditions in which plants grow vigorously from the beginning and reach reproductive maturity early in life. A likely explanation for the decline in ring width is that it reflects increasing allocation to reproduction in later years (Kozlowski 1992 , Wesselingh et al. 1997 , Lopez et al. 2001 , Obeso 2002 . Alternatively, it could reflect a deterioration in growth conditions, perhaps due to increasing competition (Dietz et al. 2004) .
The curvilinear growth trajectories found in all species at high altitudes are probably a reflection of harsher growing conditions (see Introduction). We suppose that at the higher sites the process of establishment takes much longer, so that maximum growth rates are only attained later in life (Benedict 1989) . However, we found that even the maximum annual ring widths tended to be smaller than at lower altitudes, supporting the conclusion that growth conditions were less favorable.
The deviating growth trajectory of L. laxiflorus at 1850 m may have been because this site was disturbed by roadworks in 1987 (K. Cahill, personal communication) , with the result that the plants were on average younger than elsewhere.
Our data show that the minimum age of reproductive plants tended to increase with increasing altitude (Fig.  3) , while the peak of the curvilinear growth trajectories also tended to occur later (Fig. 4) . Both findings suggest that the plants at high altitudes started their reproductive activity later in life. Together with the observed increase in age of high-altitude plants this would support the view that ''plants with a long juvenile period have a long life span with a long reproductive life'' (Bender et al. 2000 , see also Silvertown et al. 2001) .
General implications
Our use of herb-chronology, a relatively straightforward post hoc approach for studying parameters of plant population growth, allowed us to investigate changes in life history in perennial plants along strong altitudinal gradients. Furthermore, it provided new insights into detailed changes in individual lifetime growth trajectories, generating testable hypotheses about plant growth responses to changing ecological constraints.
Most importantly, our results indicate unexpectedly strong changes in plant growth trajectories in response to altitude-related factors. It is striking that these changes were observed within species and within different habitat types along the altitudinal gradient. These observations suggest that differences in life histories strategies between species (Grime 2001) may be less species specific and more dependent on growth conditions than previously recognized (cf. Galen and Stanton 1993 and references therein, Wesselingh et al. 1997 , Steinger et al. 2003 . Whereas at lowland sites the differing responses of species to local site conditions resulted in a high variation in plant growth responses, the dominant drivers prevailing at high altitudes apparently forced growth responses to converge, thus producing highly consistent curvilinear patterns. This, in turn, suggests that growing conditions at low altitudes may favor phenotypic plasticity, while those at high altitudes promote directional selection (cf. Weinig 2000, Willis and Hulme 2004) .
While herb-chronology revealed clear changes in the growth trajectories of perennial forbs along strong environmental gradients, several ambiguities remain in the interpretation of the post hoc results that necessitate further study. For example, root ring chronologies do not provide reliable information on the reproductive behavior of plants during their lifetime. Furthermore, we do not know whether the observed changes are plastic responses across the entire gradient or whether distinct growth trajectories at high altitudes rather represent different ecotypes (cf. Pigliucci et al. 1997) .
